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Introduction {#sec1}
============

Early embryonic development involves dynamic cellular conversion events that are characterized by dramatic changes in both extrinsic signaling pathways and intrinsic epigenetic and transcriptional programs ([@bib52]). Preimplantation blastocysts have the capacity to differentiate into both somatic cells and germ cells and are thus considered to display a naïve pluripotent state ([@bib5], [@bib26]). Upon implantation, the inner cell mass (ICM) develops into the epiblast, which is characterized by the incipient expression of germ layer markers and disintegration of the naïve pluripotency network, considered to be a primed pluripotent state ([@bib37]). In addition, the inaccessibility of these transient cell populations *in vivo* further restricts the study of this process directly. Fortunately, mouse embryonic stem cells (mESCs), derived from the ICM, provide a versatile model for studying this transient process *in vitro* ([@bib11], [@bib31]). When cultured *in vitro*, mESCs exhibit two distinct pluripotent states, the original naïve state and the primed state (epiblast-like cells), which display distinct morphological, transcriptional, and epigenetic profiles ([@bib19], [@bib22]). Naïve-state clones show round morphology while primed-state clones are flat, similar to human ESCs (hESCs) ([@bib37], [@bib46]). *Nanog*, *Klf2* and *Esrrb* have been defined as the core transcription factors that determine the naïve state of mESCs ([@bib10], [@bib13], [@bib44]), whereas *Brachyury*, *Fgf5*, and *Eomes* are unique genes expressed in the primed state ([@bib37]). The transition from the naïve state to the primed state is accompanied by global upregulation of H3K27me3 and DNA methylation ([@bib30]). Further understanding the core regulatory network that dominates these two pluripotent states will be pivotal to studying preimplantation embryonic development and applying this knowledge to regenerative medicine.

Signaling pathways are commonly acknowledged as the main extrinsic factors that trigger the transition between naïve and primed pluripotent states ([@bib19], [@bib24]). The leukemia inhibitory factor (LIF) and bone morphogenetic protein 4 (BMP4) signaling pathways have been shown to be critical for the self-renewal of naïve-state stem cells but are dispensable for the primed state ([@bib38], [@bib51]). Additionally, activation of the ERK1/2 signaling pathway triggers the transition from the naïve state to the primed state, and this pathway collaborates with the ACTIVIN/NODAL signaling pathway to maintain the primed state ([@bib6], [@bib19], [@bib39]). Interestingly, LIF also induces the activation of the ERK1/2 signaling pathway in the naïve pluripotent state regardless of the primarily activated LIF signaling pathway ([@bib35]). In addition, while ERK1/2 signaling drives lineage priming in mESCs, it is also required for the maintenance of self-renewal in hESCs ([@bib15]). Moreover, the evolutionarily conserved fibroblast growth factor (FGF)/ERK signaling pathway has been reported to control a multitude of early embryonic developmental processes, including proliferation, survival, migration, metabolism, and differentiation ([@bib42]). All of these observations underscore the importance of the ERK1/2 signaling pathway in stem cell fate decisions. Strikingly, maintenance of a homogeneous naïve pluripotent state is enabled by the elimination of differentiation-inducing signals from the ERK1/2 signaling pathway ([@bib36], [@bib49]). Therefore, fine-tuning of ERK1/2 activity is critical for determining the pluripotent state of stem cells. Recently, exogenous BMP4 was reported to steadily attenuate ERK1/2 activity by upregulating the expression of the pluripotency-specific protein dual-specificity phosphatase 9 (*Dusp9*), which binds to ERK1/2 and inhibits its phosphorylation in the naïve pluripotent state ([@bib29]). However, the intrinsic modifiers that modulate the activity of ERK1/2 signaling pathway are rarely uncovered.

Long noncoding RNAs (lncRNAs), with lengths more than 200 bp, are more versatile in distinct biological processes, accounting for their higher-ordered structures and flexible expression patterns ([@bib2], [@bib18], [@bib41]). Based on their genomic location, lncRNAs can be classified as sense, antisense, bidirectional, intronic, or intergenic (lincRNA) ([@bib12]). By functioning as molecular scaffolds, lncRNAs participate in the regulation of gene expression and the post-translational modification of proteins, including ubiquitination and phosphorylation ([@bib34], [@bib40], [@bib45], [@bib48]). The p53-induced lincRNA-p21 represses the translation of CTNNB1 and JUNB by directly interacting with their mRNAs ([@bib50]). Furthermore, linc00673 can reinforce the interaction between PTPN11 and PRPF19 and promote the ubiquitination and degradation of PTPN11 ([@bib54]). A previous study in dendritic cells revealed that the lincRNA lnc-DC could directly interact with STAT3 and sustain its phosphorylation at tyrosine-705 by preventing SHP1-mediated dephosphorylation ([@bib48]). Recently, lncRNAs that collaborate with epigenetic remodeling complexes to directly regulate gene expression for the maintenance of pluripotency and lineage commitment in pluripotent stem cells have been discovered ([@bib9], [@bib17]). Nevertheless, lncRNAs involved in the regulation of core signaling pathway activity in pluripotent stem cells remain largely unexplored.

Here, we report a naïve mESC specifically expressed lincRNA, LincU (previously referred as linc1483 \[[@bib17]\]), whose deficiency promotes the transition from naïve state to primed state, and its overexpression inhibits this process. Mechanistically, we found that LincU specifically restricts the activity of the mitogen-activated protein kinase (MAPK)/ERK signaling pathway by binding and stabilizing the ERK-specific phosphatase DUSP9. Our results suggest that LincU acts as an intrinsic inhibitor of MAPK/ERK signaling and critically controls the naïve pluripotent state of mESCs.

Results {#sec2}
=======

LincU Is Both Essential and Sufficient for Maintaining the Naïve Pluripotency of mESCs {#sec2.1}
--------------------------------------------------------------------------------------

Naïve pluripotency holds great promise for the clinical application of pluripotent stem cells ([@bib2]). Although thousands of lncRNAs have been identified and integrated into the pluripotency regulation network ([@bib17]), functional lncRNA that plays a pivotal role in the maintenance of naïve pluripotency has rarely been found. As *Nanog* is considered a core element in naïve-state maintenance ([@bib7], [@bib8], [@bib32]) we found that *Nanog* can bind the promoter region of LincU, which is located on chromosome 16 (9,133,405--9,138,147) (mm9) ([@bib33]). Similar to that of *Nanog*, the expression pattern of LincU is dramatically and rapidly downregulated after LIF withdrawal ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Thus, to identify the functional role of LincU in the maintenance of naïve pluripotency, we assessed the expression levels of LincU in the mESCs at different pluripotent states, including those at the primed pluripotent state (sustained with basic FGF \[bFGF\] and activin A, bFGF + activin A), naïve pluripotent state (maintained with LIF and 2i, LIF + 2i), and heterogeneous pluripotent state (cultured in medium supplemented with LIF and fetal bovine serum \[FBS\], LIF + FBS). As expected, the naïve pluripotency-specific genes *Rex1*, *Esrrb*, *Nanog*, and *Tcl1* are highly expressed in the heterogeneous pluripotent state and even more highly expressed in the naïve pluripotent state, while the primed-state genes *Fgf5*, *Dnmt3b*, *T*, and *Eomes* together with the developmental genes *Nestin*, *Mixl l*, *N-cad*, and *Gata4* are highly expressed in the primed pluripotent state ([Figure 1](#fig1){ref-type="fig"}A). Compared with ESCs cultured in bFGF + activin A and LIF + FBS, ESCs cultured in LIF + 2i showed higher expression level of LincU ([Figure 1](#fig1){ref-type="fig"}A), which is in accordance with the expression patterns of naïve pluripotency-specific genes, indicating a potentially pivotal role of LincU in the maintenance of the naïve pluripotent state.Figure 1LincU Is Both Essential and Sufficient for Maintaining the Naïve Pluripotency of mESCs(A) LincU is highly expressed in the heterogeneous pluripotent state and even more highly expressed in the naïve pluripotent state. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test.(B and C) shLincU mESCs exhibit a primed-like state when cultured in LIF + FBS medium, as shown by qPCR (B) and western blot (C) analysis of primed-state-related and developmental genes. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test.(D and E) LincU knockdown accelerates the epiblast induction process as shown by microscopy (D) and qPCR (E) analysis of epiblast cells induced for 2 days. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test. Scale bar, 100 μm.(F and G) LincU^−/−^ mESCs express higher levels of primed-state-specific genes and developmental genes when cultured in LIF + FBS medium, as shown by qPCR (F) and western blot (G) analysis. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test.(H and I) LincU-overexpressing mESCs express lower levels of primed-state-related genes and developmental genes when cultured in LIF + FBS medium, as shown by qPCR (H) and western blot (I) analysis. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test.(J and K) LincU-overexpressing mESCs fail to differentiate into the primed pluripotent state, as shown by microscopy (J) and qPCR (K) analysis of day-2 induced epiblast cells. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test. Scale bar, 100 μm.

Employing a nucleocytoplasmic separation assay, we observed that the LincU transcripts were abundant in the cytoplasm of naïve-state mESCs ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Thus, we designed two efficient short hairpin RNAs (shRNAs) that target LincU transcripts to knock down its expression (shLincU-1 and shLincU-2) in mESCs via a lentivirus delivery system; a scrambled shRNA (shCtrl) served as the negative control. When cultured in LIF + FBS medium, mESCs fluctuate between the naïve and primed pluripotent states, which is termed the heterogeneous pluripotent state ([@bib13]), and provides a more accessible platform to study the transition between the naïve and primed states. After maintaining shLincU and shCtrl mESCs in this serum-containing medium, shLincU mESCs exhibited a primed-like pluripotent state, which was characterized by higher expression levels of primed-state-specific genes, including *Fgf5*, *Dnmt3b*, *T*, *Eomes*, *Mixl1*, and *N-cadherin*, although LincU knockdown had no apparent influence on the expression of naïve-state-related genes ([Figure 1](#fig1){ref-type="fig"}B). Western blot also confirmed the elevated expression levels of primed-state-specific proteins ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}C). Increased expression level of DNMT3B, a DNA methyltransferase, will enhance DNA methylation, which is well known to be a dominant feature of the primed pluripotent state ([@bib4]).

To validate the primed-like pluripotent state of LincU knockdown mESCs, we directly induced these mESCs to enter the primed pluripotent state by applying N2B27 + bFGF + activin A medium ([@bib20]). As expected, LincU knockdown mESCs exhibited accelerated epiblast induction compared with shCtrl mESCs, as determined by more notable epiblast-like morphology, decreased expression of naïve-state-related genes, and increased expression of primed-state-related genes after 2 days of induction ([Figures 1](#fig1){ref-type="fig"}D and 1E). Furthermore, when we replated the induced primed pluripotent cells (cultured in N2B27 + activin A + FGF2) into LIF + FBS medium, LincU knockdown cells failed to form alkaline phosphatase (AP)-positive colonies ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E) ([@bib23]). These data demonstrated that LincU knockdown mESCs exhibit a primed-like pluripotent state.

To further confirm the functional role of LincU in the maintenance of naïve pluripotency, we directly generated LincU^−/−^ mESCs via CRISPR/Cas9-mediated genome deletion ([@bib27]). Knockout efficiency was validated by genomic DNA PCR ([Figure S1](#mmc1){ref-type="supplementary-material"}F) and qPCR ([Figure 1](#fig1){ref-type="fig"}F). Similarly, LincU^−/−^ mESCs expressed higher levels of primed-state-specific genes when maintained in a heterogeneous pluripotent state ([Figures 1](#fig1){ref-type="fig"}F, 1G, and [S1](#mmc1){ref-type="supplementary-material"}G). Moreover, we evaluated whether LincU^−/−^ cells could contribute to chimeras and found that mESCs lacking LincU failed to form chimeras, thereby demonstrating that LincU-deficient mESCs have lost naïve pluripotency ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Additionally, we performed the teratoma formation assay and our results showed that LincU^−/−^ mESCs formed larger teratomas with higher expression levels of primed-state and lineage-specific genes ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). These results demonstrated that LincU is required for maintaining the naïve pluripotency of mESCs.

Next, we built the LincU-overexpressing mESCs by integrating CAG promoter-driven LincU expression into the Rosa26 locus using CRISPR/Cas9-mediated homologous recombination ([@bib27]). After confirming the constitutive overexpression of LincU transcripts, we found that LincU-overexpressing mESCs expressed lower expression levels of primed-state-related and developmental genes than control mESCs when cultured in LIF + FBS medium ([Figure 1](#fig1){ref-type="fig"}H). Additionally, a slight increase in the expression of naïve-state-related genes was observed ([Figure 1](#fig1){ref-type="fig"}H). Western blot assay also verified the decreased DNMT3B and N-CADHERIN protein levels ([Figures 1](#fig1){ref-type="fig"}I and [S2](#mmc1){ref-type="supplementary-material"}E). These observations indicated that LincU-overexpressing mESCs exhibit a naïve-like pluripotent state. To further confirm this hypothesis, we induced control and LincU-overexpressing mESCs to differentiate to the primed pluripotent state. Notably, the LincU-overexpressing mESCs failed to transit to the primed state, as shown by a naïve-state morphology and a much lower expression level of primed-state-related genes than that in control mESCs ([Figures 1](#fig1){ref-type="fig"}J and 1K). Moreover, the induced EpiSCs derived from LincU-overexpressing mESCs were still able to form AP-positive colonies after being replated into LIF + FBS medium ([Figures S2](#mmc1){ref-type="supplementary-material"}F and S2G), showing that overexpression of LincU severely disrupted the transition from the naïve pluripotent state to the primed pluripotent state. Similarly, we performed the teratoma formation assay with control and LincU-overexpressing mESCs, whereby LincU overexpression resulted in a smaller teratoma size and lower expression level of lineage-specific genes than those in control mESCs ([Figures S2](#mmc1){ref-type="supplementary-material"}H and S2I). These *in vivo* results further confirmed that LincU-overexpressing mESCs maintain a naïve-like pluripotent state that is resistant to the initiation of differentiation. Collectively, these results demonstrated that LincU is both essential and sufficient for maintaining the naïve pluripotency of mESCs.

LincU Specifically Inhibits the MAPK-ERK Signaling Pathway {#sec2.2}
----------------------------------------------------------

To determine the mechanism underlying LincU-induced key phenotypes in mESCs, we performed global transcriptome analysis of both LincU knockdown and LincU-overexpressing mESCs, which were maintained in the heterogeneous pluripotent state. Consistently, primed-state-related genes were upregulated upon LincU knockdown and downregulated upon LincU overexpression ([Figures 2](#fig2){ref-type="fig"}A and 2E). In addition, gene ontology analysis of these differentially expressed genes showed that LincU deficiency led to significant upregulation of functional terms related to *in utero* embryonic development, whereas LincU overexpression notably downregulated these functional terms ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). Importantly, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis of the downregulated genes in LincU-overexpressing mESCs showed that these genes are significantly enriched in the MAPK signaling pathway ([Figure S3](#mmc1){ref-type="supplementary-material"}C). Furthermore, we performed gene set enrichment analysis (GSEA) and analyzed the normalized enrichment scores (NES) for two key signaling pathways that are involved in naïve-state reprogramming and maintenance: the MAPK/ERK and WNT signaling pathways. Our results indicated that MAPK signaling, but not WNT signaling, was significantly affected in both LincU knockdown and LincU-overexpressing mESCs ([Figures 2](#fig2){ref-type="fig"}B and 2F). We further examined the expression level of downstream genes of the WNT and MAPK/ERK signaling pathways, and our data indicated that LincU was negatively correlated with the expression level of MAPK/ERK downstream genes, but not the downstream genes of the WNT signaling pathway ([Figures 2](#fig2){ref-type="fig"}C, 2D, 2G, and 2H), which suggested that the activity of MAPK/ERK signaling pathway was affected by LincU expression manipulation.Figure 2LincU Specifically Inhibits the MAPK-ERK Signaling Pathway(A) Scatterplots of global gene expression according to microarray data for shLincU-2 mESCs versus shCtrl mESCs. The gray dashed lines delineate the boundaries of a 2-fold change in gene expression. Upregulated genes are highlighted in red and downregulated genes are shown in green.(B) GSEA of the MAPK and WNT signaling pathways in shLincU-2 mESCs versus shCtrl mESCs. NES represents the normalized enrichment scores in each category.(C and D) LincU knockdown increases the expression of downstream genes of the MAPK signaling pathway (C) but barely affects the expression level of WNT target genes (D). Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test.(E) Scatterplots of global gene expression according to microarray data for LincU-overexpressing mESCs versus Ctrl mESCs. The gray dashed lines delineate the boundaries of a 2-fold change in gene expression. Upregulated genes are highlighted in red and downregulated genes are shown in green.(F) GSEA of the MAPK and WNT signaling pathways in LincU-overexpressing mESCs versus Ctrl mESCs. NES represents the normalized enrichment scores in each category.(G and H) LincU overexpression decreases the expression of the downstream genes of the MAPK signaling pathway (G) but barely affects the expression level of WNT target genes (H). Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test.(I and J) Western blot (n = 3) showing higher levels of ERK1/2 phosphorylation in shLincU mESCs (I) and LincU^−/−^ mESCs (J) cultured in LIF + FBS medium.(K) Western blot (n = 3) showing that LincU overexpression decreases the level of ERK1/2 phosphorylation when cultured in LIF + FBS medium.(L and M) LincU knockdown-induced increases in the expression of primed-state-related genes and developmental genes are significantly compromised by MAPK/ERK inhibitor (PD0325901) treatment, as shown by qPCR (L) and western blot (M) analysis. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001, t test.

To validate the sequential changes of MAPK/ERK signaling pathway activity after modifying the expression of LincU, we examined the level of ERK1/2 phosphorylation in LincU knockdown, LincU knockout, and LincU-overexpressing mESCs. Consistently, the level of ERK1/2 phosphorylation was markedly increased by LincU knockdown or knockout and dramatically decreased by LincU overexpression ([Figures 2](#fig2){ref-type="fig"}I--2K and [S3](#mmc1){ref-type="supplementary-material"}D--S3F). Meanwhile, we also observed a negative correlation between the LincU expression level and the level of ERK1/2 phosphorylation in the teratomas derived from these three groups of mESCs ([Figures S3](#mmc1){ref-type="supplementary-material"}G--S3J). Moreover, treatment with a potent MAPK inhibitor, PD0325901, significantly compromised the LincU knockdown-induced upregulation of primed-state-related genes and increased the level of ERK1/2 phosphorylation and DNMT3B protein ([Figures 2](#fig2){ref-type="fig"}L, 2M, and [S3](#mmc1){ref-type="supplementary-material"}K). In conclusion, these results proved that LincU specifically inhibits MAPK/ERK signaling activity in mESCs, thereby elucidating the role of LincU in maintaining the naïve state.

LincU Stabilizes the ERK-Specific Phosphatase DUSP9 in mESCs {#sec2.3}
------------------------------------------------------------

Direct competition between phosphorylation and dephosphorylation has been proposed as a major mechanism underlying extracellular stimulation and has been documented in most biological processes ([@bib3]). The negative correlation between LincU expression and the level of ERK1/2 phosphorylation indicates that LincU modifies ERK1/2 phosphorylation in mESCs. ERK1/2 are serine/threonine kinases that are mainly involved in signal transduction of the Ras-Raf-MEK-ERK cascade. MEK1/2 are well-known kinases that catalyze the phosphorylation of ERK1/2, whereas DUSP9 specifically hydrolyzes the phosphate group on ERK1/2 in mESCs ([Figure 3](#fig3){ref-type="fig"}A). We thus examined the protein levels of phosphorylated MEK1/2 and DUSP9 in LincU-deficient and LincU-overexpressing mESCs. Notably, no significant change in the phosphorylated MEK1/2 protein level was observed after either LincU deficiency or overexpression, whereas the protein level of DUSP9 was obviously decreased after LincU deficiency and increased with LincU overexpression ([Figures 3](#fig3){ref-type="fig"}B--3D and [S4](#mmc1){ref-type="supplementary-material"}A--S4C). *In vivo* results also showed that LincU knockout decreased DUSP9 protein levels while LincU overexpression increased DUSP9 protein levels in teratomas ([Figures S4](#mmc1){ref-type="supplementary-material"}D--S4G). Interestingly, the mRNA level of *Dusp9* remained unchanged after either LincU deficiency or overexpression ([Figures 3](#fig3){ref-type="fig"}E--3G), indicating that LincU might increase *Dusp9* protein stability at the post-translational level.Figure 3LincU Stabilizes the ERK-Specific Phosphatase DUSP9 in mESCs(A) Model illustrating the phosphorylation and dephosphorylation roles of MEK1/2 and DUSP9, respectively, in the regulation of ERK1/2 phosphorylation.(B--D) Western blot (n = 3) showing the expression level of LincU is positively correlated with the protein level of DUSP9 but not the level of MEK1/2 phosphorylation in shLincU mESCs (B), LincU^−/−^ mESCs (C), and LincU-overexpressing mESCs (D).(E--G) LincU does not change the mRNA level of *Dusp9*, as shown by qPCR analysis of shLincU mESCs (E), LincU^−/−^ mESCs (F), and LincU-overexpressing mESCs (G).(H) Native RIP assays showing the physical interaction between DUSP9 and LincU. Linc1548 acts as a negative control. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, t test.(I) DUSP9 protein degradation is accelerated in shLincU mESCs compared with shCtrl mESCs after CHX (20 μg/mL) treatment.(J) DUSP9 protein degradation in shLincU mESCs is rescued by proteasome inhibitor (MG132) treatment.(K) LincU knockdown induces robust DUSP9 ubiquitination.

Considering that LincU is primarily resident in the cytoplasm, we suspected that LincU could bind to DUSP9 to increase its protein stability. To this end, a native RNA immunoprecipitation (RIP) assay was performed using a specific antibody against DUSP9 in mESCs. After pulling down DUSP9, substantial amounts of LincU were observed in the immunocomplexes ([Figure 3](#fig3){ref-type="fig"}H). Moreover, we performed the crosslinked RIP assay with a specific DUSP9 antibody, and our results further showed that LincU indeed interacted with DUSP9 ([Figure S4](#mmc1){ref-type="supplementary-material"}H). To further confirm that LincU is required for the stabilization of DUSP9 protein, we treated shCtrl and shLincU mESCs with cycloheximide to disrupt the translation processes and found that the DUSP9 protein level decreased much more dramatically in LincU-deficient mESCs than in control mESCs ([Figures 3](#fig3){ref-type="fig"}I and [S4](#mmc1){ref-type="supplementary-material"}I). Moreover, pretreatment with a potent proteasome inhibitor, MG132, stabilized DUSP9 protein expression in LincU-deficient mESCs, indicating that the ubiquitination-proteasome pathway is involved in LincU deficiency-induced DUSP9 degradation ([Figures 3](#fig3){ref-type="fig"}J and [S4](#mmc1){ref-type="supplementary-material"}J). Immunoprecipitation using a specific DUSP9 antibody was performed after pretreatment with MG132 and blotted with an antibody against ubiquitin. Our results clearly showed polyubiquitinated DUSP9 bands, suggesting that LincU knockdown causes DUSP9 ubiquitination ([Figures 3](#fig3){ref-type="fig"}K and [S4](#mmc1){ref-type="supplementary-material"}K). Collectively, these results demonstrated that LincU protects DUSP9 protein from ubiquitination-proteasome-mediated degradation in mESCs.

Dusp9 Lies Downstream of LincU to Preserve the Naïve Pluripotency of mESCs {#sec2.4}
--------------------------------------------------------------------------

To certify that *Dusp9* lies downstream of LincU to maintain the naïve state of mESCs, we designed a potent shRNA targeting the CDS (coding sequence) region of *Dusp9* mRNA to knock down *Dusp9* in LincU-overexpressing mESCs. The knockdown efficiency was verified by qPCR and western blot ([Figures 4](#fig4){ref-type="fig"}A, 4B, and [S5](#mmc1){ref-type="supplementary-material"}A). In addition, we found that both the decreased levels of ERK1/2 phosphorylation and the decreased expression levels of primed-state-related genes triggered by LincU overexpression were significantly compromised by *Dusp9* knockdown ([Figures 4](#fig4){ref-type="fig"}A, 4B, and [S5](#mmc1){ref-type="supplementary-material"}B). Moreover, the LincU-inhibited expression of DNMT3B was rescued by *Dusp9* knockdown ([Figures 4](#fig4){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}C). Additionally, LincU-overexpressing mESCs recuperated their ability to transition to the primed state when *Dusp9* was downregulated ([Figures 4](#fig4){ref-type="fig"}D--4F). Taken together, our data demonstrated that *Dusp9* lies downstream of LincU to preserve the naïve pluripotency of mESCs.Figure 4Dusp9 Lies Downstream of LincU to Preserve the Naïve Pluripotency of mESCs(A) Western blot (n = 3) showing *Dusp9* knockdown rescues the LincU overexpression-induced decrease in ERK1/2 phosphorylation.(B and C) LincU overexpression-induced inhibition of primed-state-related and developmental gene expression is significantly compromised by *Dusp9* knockdown, as shown by qPCR (B) and western blot (C) analysis in mESCs. Data are shown as the mean ± SEM (n = 3). ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001, t test.(D and E) *Dusp9* knockdown restores the capacity of LincU-overexpressing mESCs to undergo epiblast induction, as shown by microscopy (D) and qPCR (E) analysis of day-2 induced epiblast cells. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001, t test. Scale bar, 100 μm.(F) Colony-formation assay of single cells from Ctrl group and LincU-overexpression group along with shCtrl and sh*Dusp9*, respectively, 48 hr post epiblast induction. Colonies were stained for AP activity on day 6 of culture in LIF + FBS medium and deemed as either AP-positive or AP-negative. Data are shown as the mean ± SEM (n = 3). ^∗∗^p \< 0.01, ^\#\#^p \< 0.01, ^\$\$^p \< 0.01, t test.

LincU Is the Direct Target of NANOG in Naïve-State mESCs {#sec2.5}
--------------------------------------------------------

Chromatin immunoprecipitation sequencing (ChIP-seq) data for ESCs from CODEX (<http://codex.stemcells.cam.ac.uk/>) indicated that the core transcription factors NANOG, SOX2, ESRRB, KLF4, and SMAD1 do bind to the promoter of LincU ([@bib43]). Thus, we tested the LincU-promoter luciferase reporter with *Sox2*, *Esrrb*, *Klf4*, and *Smad1* as well as *Nanog*. Our results showed that NANOG induced a stronger activation of LincU promoter than KLF4 and SMAD1, while SOX2 and ESRRB showed no significant activation of LincU promoter ([Figure S5](#mmc1){ref-type="supplementary-material"}D). Next, we deleted two possible *Nanog*-binding motifs in LincU promoter (mutant LincU promoter) and found that reporter activity was reduced ([Figure 5](#fig5){ref-type="fig"}A). These results indicated that *Nanog* is one important upstream regulator of LincU, and these other transcription factors might regulate LincU together with NANOG. Furthermore, ChIP-PCR assay using a specific antibody against NANOG confirmed that NANOG directly binds to the promoter of LincU in naïve-state mESCs ([Figure 5](#fig5){ref-type="fig"}B).Figure 5LincU Is the Direct Target of NANOG in Naïve-State mESCs(A and B) NANOG directly binds to the promoter region of LincU, as shown by the luciferase reporter assay (A) and ChIP-qPCR with anti-NANOG antibody (B). *Prdm*14 acts as a positive control. The negative control amplifies an intergenic region. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^\#^p \< 0.05, t test.(C and D) *Nanog* knockdown induces obvious differentiation of mESCs, as shown by microscopy (C) and qPCR (D) analysis 48 hr post sh*Nanog* lentivirus infection. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test. Scale bar, 100 μm.(E) Western blot (n = 3) showing *Nanog* knockdown clearly decreases the protein level of DUSP9 and elevates the level of ERK1/2 phosphorylation.(F and G) Overexpressing LincU markedly blocks the differentiation of mESCs triggered by *Nanog* knockdown, as shown by microscopy (F) and qPCR analysis (G). Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^\#^p \< 0.5, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001, t test. Scale bar, 100 μm.(H) Western blot (n = 3) showing the decreased protein level of DUSP9 and elevated level of ERK1/2 phosphorylation in sh*Nanog* mESCs are significantly compromised by LincU overexpression.

To further confirm that LincU is downstream of *Nanog*, we performed knockdown of *Nanog* and observed a dramatic decrease of LincU transcription after *Nanog* knockdown ([Figures 5](#fig5){ref-type="fig"}C and 5D). Consistent with the results obtained from LincU knockdown, *Nanog* knockdown upregulated primed-state-related genes ([Figure 5](#fig5){ref-type="fig"}D), decreased DUSP9 protein expression and increased ERK1/2 phosphorylation ([Figures 5](#fig5){ref-type="fig"}E and [S5](#mmc1){ref-type="supplementary-material"}E). Notably, *Nanog* knockdown-accelerated primed-state transition, which was characterized by a flat morphology and high expression levels of primed-state-related genes, was significantly compromised by ectopic LincU expression ([Figures 5](#fig5){ref-type="fig"}F and 5G). Meanwhile, the decreased DUSP9 protein expression and increased level of ERK1/2 phosphorylation triggered by *Nanog* knockdown were also rescued by LincU overexpression ([Figures 5](#fig5){ref-type="fig"}H and [S5](#mmc1){ref-type="supplementary-material"}F). Together, these data verified that LincU is the direct target of *Nanog* in naïve mESCs.

The Functional Role of LincU Is Conserved in hESCs {#sec2.6}
--------------------------------------------------

Naïve-state hESCs show great promise for clinical cellular supplementation therapy ([@bib2]). In addition, lincRNAs commonly exhibit high mutation frequencies and are rarely conserved from rodents to humans. Thus, conserved and functional lincRNAs involved in the transition between naïve and primed hESCs are rarely reported. Fortunately, mouse LincU shares a homology region with human genome ([Figure 6](#fig6){ref-type="fig"}A), indicating that LincU is an evolutionarily conserved lincRNA. We thus designed a specific pair of primers for the qPCR amplification of human LincU and examined the relative expression levels between naïve and primed hESCs ([Figure 6](#fig6){ref-type="fig"}B). The results showed that the expression of LincU was higher in naïve-state hESCs than that in primed-state hESCs, which is similar to the expression patterns of reported human naïve-state-specific genes ([@bib14]) ([Figure 6](#fig6){ref-type="fig"}C). Importantly, DUSP9 protein expression levels were higher and ERK1/2 phosphorylation levels were lower in naïve hESCs than in primed-state hESCs ([Figures 6](#fig6){ref-type="fig"}D and [S6](#mmc1){ref-type="supplementary-material"}A), indicating the conserved role of LincU in stabilizing the DUSP9 protein.Figure 6Functional Role of LincU Is Conserved in hESCs(A) The matched sequence of mouse LincU in the human genome indicates that LincU is conserved in humans.(B) Morphology of primed hESCs and naïve hESCs. Scale bar, 100 μm.(C) LincU is highly expressed in naïve hESCs compared with primed hESCs. Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, t test.(D) Western blot (n = 3) showing higher protein levels of DUSP9 and lower levels of ERK1/2 phosphorylation are detected in naïve hESCs than in primed hESCs.(E and F) LincU overexpression leads to naïve-state-like hESCs when cultured in NHSM without PD0325901, as shown by qPCR (E) and microscopy (F). Data are shown as the mean ± SEM (n = 3). ^∗^p \< 0.05, ^∗∗^p \< 0.01, t test. Scale bar, 100 μm.(G) Western blot (n = 3) showing that overexpressing LincU increases the protein level of DUSP9 and decreases the level of ERK1/2 phosphorylation.(H) Model showing that *Nanog*-activated LincU directly binds and stabilizes the ERK-specific phosphatase DUSP9 and then inhibits MAPK/ERK signaling activity to maintain the naïve pluripotent state of ESCs.

Moreover, ectopic expression of human LincU in hESCs successfully induced hESCs to a naïve-like state under NHSM (naïve human stem cell medium) without an MAPK signaling pathway inhibitor, as characterized by a more domed morphology, high expression levels of naïve-state-related genes, and lower expression levels of primed-state-related genes ([Figures 6](#fig6){ref-type="fig"}E and 6F). Notably, human LincU overexpression in hESCs also protected DUSP9 from degradation to a greater extent and inhibited the phosphorylation of ERK1/2 ([Figures 6](#fig6){ref-type="fig"}G and [S6](#mmc1){ref-type="supplementary-material"}B). Taken together, our findings uncovered an evolutionarily conserved naïve-state-associated lincRNA named LincU that plays a pivotal role in maintaining the naïve state of both mouse and human ESCs. *Nanog*-induced LincU directly binds and stabilizes DUSP9 protein, which then constitutively inhibits the ERK1/2 signaling pathway, critically contributing to the maintenance of the naïve state ([Figure 6](#fig6){ref-type="fig"}H).

Discussion {#sec3}
==========

Until recently the functional roles of lncRNAs, which were once underestimated and regarded as "junk" in the genome, have been revealed in multiple biological processes, including early embryonic development and adult aging ([@bib1], [@bib16], [@bib25], [@bib47], [@bib53]). Although an increasing number of lncRNAs that participate in controlling the pluripotency of mESCs have been discovered ([@bib17]), identification of functional lncRNAs involved in maintaining the naïve state of mESCs, which are closer to early-stage embryos and have higher pluripotency, is still missing. Here, we found that LincU is specifically and highly expressed in naïve mESCs and that its expression decreases dramatically as mESCs exit the naïve state. Moreover, we verified that LincU is both indispensable and sufficient to maintain the naïve state of mESCs with both *in vivo* and *in vitro* assays, similar to those well-defined naïve-state-associated transcription factors, such as *Klf2*, *Klf4*, *Esrrb*, and *Nanog*. Therefore, our research identified a vital naïve-state-associated lincRNA that is involved in maintaining the naïve state.

Early embryonic development is a complicated and elaborate process that is precisely controlled by extrinsic signaling transduction and intrinsic epigenetic and transcriptional regulation. In addition, extrinsic signaling pathways are consistently acknowledged as the main force underlying early lineage commitment ([@bib22]). Among those pathways, MAPK/ERK signaling has been identified as a pivotal signaling pathway involved in early embryonic development both *in vivo* and *in vitro*, playing roles in gastrulation, transition from the naïve to the primed state, stabilization of primed-state pluripotent stem cells, and early neural lineage commitment ([@bib24], [@bib36], [@bib37]). However, the intrinsic factor that tactically modulates the activity of MAPK/ERK signaling remains unelucidated. In the present study, we identified LincU as an intrinsic inhibitor of the MAPK/ERK signaling pathway in naïve-state mESCs. Notably, we revealed that LincU stabilizes the DUSP9 protein, a BMP4/SMADs-induced and mESC-specific ERK1/2 phosphatase, by interacting with DUSP9 and preventing its ubiquitination/degradation cascade ([@bib29]). Although the details regarding the protective effects of LincU on DUSP9 must be further explored, the present study clearly demonstrates that intrinsic inhibition of the MAPK/ERK signaling pathway by the LincU/DUSP9 axis is indispensable for the maintenance of the naïve state.

When cultured in medium supplemented with LIF and serum, mESCs are a hodgepodge of both naïve and primed mESCs, which are well defined by the expression level of *Nanog* ([@bib13]). *Nanog* has been reported to be the gateway to naïve pluripotency, and forced *Nanog* expression is sufficient to drive the cytokine-independent self-renewal of naïve-state mESCs ([@bib8]). Interestingly, inhibition of the MAPK/ERK signaling pathway leads to effects similar to those of *Nanog* overexpression. However, the relationship between *Nanog* and MAPK/ERK signaling in naïve-state mESCs remains to be elucidated. In the present study, we verified a negative correlation between *Nanog* expression and the activity of MAPK/ERK signaling. In addition, we demonstrated that *Nanog* directly activates the expression of LincU, which further stabilizes DUSP9 protein expression and results in inhibition of the MAPK/ERK signaling pathway in naïve-state mESCs. Importantly, we found that forced expression of LincU can inhibit the MAPK/ERK signaling pathway and drive the self-renewal of *Nanog*-deficient mESCs. Collectively, our study clearly revealed that the intrinsic transcription factor *Nanog* inhibits MAPK/ERK signaling pathway activity by directly inducing the transcription of LincU in naïve-state mESCs.

Species differences in early embryonic development, especially the stage around implantation, cause the results acquired from animal models to be suboptimal for human applications. Most famously, signaling pathways implicated in the maintenance of mESCs involve activation of the LIF/STAT3 and BMP signaling pathways or inhibition of the FGF/ERK and GSK3β signaling pathways, whereas the self-renewal of hESCs requires activation of the bFGF/ERK and activin/nodal signaling pathways ([@bib21], [@bib28]). Recently, numerous studies have identified a combination of five kinase inhibitors, including an ERK1/2 inhibitor together with LIF and activin A (5i/L/A), that enables the conversion of pre-existing hESCs to the naïve state, indicating the conserved role of MAPK/ERK signaling in the maintenance of naïve-state hESCs ([@bib14]). Here, we demonstrated that LincU is conserved and more highly expressed in naïve-state hESCs, along with higher protein level of DUSP9 and lower MAPK/ERK signaling activity in naïve-state hESCs compared with those in primed-state hESCs. Notably, we recapitulated the functional interplay between LincU and DUSP9 in hESCs, and the results coincided exactly with those in mice.

In summary, we report an evolutionarily conserved naïve-state-associated lincRNA, LincU, which plays a pivotal role in maintaining the naïve state of both mouse and human ESCs. *Nanog*-induced LincU directly binds and stabilizes the DUSP9 protein and then constitutively inhibits the ERK1/2 signaling pathway, which critically contributes to maintenance of the naïve state. Collectively, our data shed light on a crucial role of the intrinsic *Nanog*/LincU/DUSP9/ERK signaling pathway in naïve-state maintenance, which is potentially beneficial for capturing the highest value of naïve-state ESCs in future research and therapeutic applications.

Experimental Procedures {#sec4}
=======================

Animal Studies {#sec4.1}
--------------

All experiments involving animals were approved by the Institutional Animal Care and Use Committee of Tongji University under the Guide for the Care and Use of Laboratory Animals (NIH Guide).

Induction of Epiblast-like Cells {#sec4.2}
--------------------------------

A 6-well plate was coated with 0.1% (w/v) gelatin (Gibco) overnight, and mESCs were trypsinized and plated (3 × 10^5^) into each well in N2B27-based medium containing 1% knockout serum replacement medium (Gibco), 12 ng/mL bFGF (Sino Biological), and 20 ng/mL activin A (R&D Systems).

Colony-Formation Assay {#sec4.3}
----------------------

Colony-formation assay was performed as previously described ([@bib23]). In total, 600 cells were plated into each well of a 6-well plate and cultured in mESC medium for 6 days. The colonies were then fixed with 4% paraformaldehyde in PBS for 1 min at room temperature, and AP staining was performed using an Alkaline Phosphatase Kit (Sigma) for 20 min at 37°C. The AP-positive and -negative colony numbers were calculated.

Statistical Analysis {#sec4.4}
--------------------

All statistical data are presented as the mean ± SEM of at least three independent experiments. Statistical significance was determined using unpaired two-tailed Student\'s t tests (in figures ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#^p \< 0.001, ^\$^p \< 0.05, ^\$\$^p \< 0.01, ^\$\$\$^p \< 0.001).
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